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Background. Cell-matrix interactions exert major effects on
such phenotypic features as cell growth and differentiation.
Apoptosis is an active form of cell death that is crucial for
maintaining the appropriate number of cells as well as the
organization of tissue. Recently, it has been suggested that
apoptosis of the mesangial cells (MC) is important in glomerular
remodeling after injury. The MC are surrounded by an extracel-
lular matrix (ECM) in vivo. Since in disease conditions the
mesangial matrix is altered quantitatively and qualitatively, it is of
interest to determine whether cell-matrix interactions may influ-
ence apoptosis of the MC.
Methods. We first investigated the differences in the suscepti-
bility to apoptotic stimuli of the MC cultured on various ECM
components (type I collagen, fibronectin, basement membrane
matrix). We then determined whether the inhibition of MC-
matrix interactions would affect apoptosis. Finally, interactions
between MC and matrix were disrupted by the inhibition of
b1-integrin expression with antisense oligonucleotides (ODN).
Results. When MC were cultured on type I collagen or fibronec-
tin and deprived of serum for eight hours, the extracted DNA
from the MC demonstrated an internucleosomal ladder pattern
on gel electrophoresis that constituted the biochemical character-
istic of apoptosis. However, no ladder pattern was apparent when
MC were cultured on basement membrane matrix. The attach-
ment of cells was completely inhibited when the MC were
cultured on agarose-coated dishes for 24 hours. Gel electrophore-
sis of DNA extracted from these cells showed a ladder pattern.
However, the MC attached to the substratum did not show any
apoptosis. MC showed an increase in apoptotic cell death after
treatment with antisense ODN against b1-integrin molecule.
Conclusions. These results indicate that normal ECM may
prevent the MC from undergoing apoptosis and serve as a survival
factor for MC. Signals from ECM that prevent apoptosis may be
mediated by b1-integrin molecules.
Damage to the glomerulus causes changes in the extra-
cellular matrix (ECM) and leads to a remodeling of the
glomerular structure [1–3]. The ECM of the mesangium in
progressive glomerular disease increases and there is a
change in its components, which eventually leads to the
irreversible sclerosis of the glomerular tufts. Mesangial
cells (MC) are surrounded by mesangial matrix, composed
largely of type IV collagen, laminin, fibronectin, and hepa-
ran sulfate proteoglycan [4], and attach to glomerular
basement membrane in normal conditions in vivo [5]. In
diseased conditions, the increased ECM includes not only
normal components but also de novo induction of type I
and III collagens, which are interstitial collagens not nor-
mally expressed in the glomerulus [1, 3, 4]. Mesangial ECM
not only acts as a structural support system of the glomer-
ular capillary tuft, the cell-matrix adhesion provides the
pivotal signals for cell growth and differentiation in many
types of cells [6–12]. Indeed, several studies suggest that
the alteration of the composition of the ECM can directly
or indirectly affect the behavior of the MC including their
proliferation, migration and differentiation [4, 13, 14].
Furthermore, recent studies have revealed that cell attach-
ment to ECM is required for suppression of apoptosis
[15–20]. Adhesion-dependent control of apoptosis may be
important within the tissue microenvironment [21].
Apoptosis is a regulated form of cell death that is crucial
for maintaining an appropriate number of cells, as well as
tissue organization [22, 23]. Apoptotic cell death is distin-
guished from necrosis in that necrotic cell death results
from acute cellular injury, and is typified by rapid cell
swelling and lysis, whereas apoptosis is characterized by a
tightly regulated autodigestion of the cell. The characteris-
tic changes of apoptosis involve the nucleus, which under-
goes condensation as endonucleases are activated and
begin to degrade the DNA into small fragments of oligo-
nucleosomes. The activation of endogenous proteases is
associated with apoptotic death [24]. This results in disrup-
tion of the cytoskeleton, cell shrinkage, and membrane
blebbing. The dying cell maintains the integrity of its
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plasma membrane, and an alteration of the plasma mem-
brane signals the neighboring phagocytic cells to engulf it
[25].
Recently, it has been reported that apoptosis of the MC
is important in the resolution of mesangial proliferative
glomerulonephritis [26, 27] and in the progression of
glomerular sclerosis [28, 29]. Mesangial apoptosis occurs
with changes and remodeling of the glomerular ECM after
injury [3, 28, 30]. We hypothesized that normal ECM may
support the survival of MC and prevent their death.
Changes in ECM constituents may decrease the survival
signals to MC and increase their susceptibility to stimuli
that induce apoptosis. We initially investigated differences
in the susceptibility to apoptotic stimuli of MC that were
cultured on various ECM components. We then evaluated
whether the inhibition of MC-matrix interactions would
affect the apoptosis.
METHODS
Mesangial cell preparation and culture
Human renal glomeruli were isolated and MC were
obtained as previously described [31, 32]. Specimens of
renal cortex that appeared macroscopically normal were
obtained from human kidneys immediately after surgical
nephrectomy for renal cell carcinoma. Glomeruli were
isolated by differential sieving. The final preparation con-
sisted of glomeruli without tubular fragments. All steps of
the isolation procedure were performed with saline. Iso-
lated glomeruli were plated in plastic culture flasks (Costar,
Cambridge, MA, USA) and incubated at 37°C in a humid-
ified 5% CO2 incubator. The culture medium consisted of
RPMI 1640 (Gibco, Grand Island, NY, USA) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS; Armour, Kankakee, IL, USA), penicillin (100 U/ml;
Meiji, Tokyo, Japan), and streptomycin sulfate (50 mg/ml;
Meiji). Cellular outgrowth was observed two to three days
after seeding, with confluence usually achieved after 10 to
14 days. Actively proliferating cells in confluent cultures
were subcultured after being detached with 0.15% trypsin
(Difco, Detroit, MI, USA) in phosphate-buffered saline
(PBS). For studies on cell morphology and viability, MC
were subcultured in chamber slides (Nunc, Naperville, IL,
USA) and 96-well plastic plates (Costar), respectively.
Experiments were performed with subconfluent cells of the
7th to 15th passages. The identity of the cells was confirmed
by standard criteria.
Coating of dishes
Plastic dishes (Costar) and wells were coated with ECM
components. Thin coating method with basement mem-
brane matrix (growth factor-reduced Matrigel; Becton
Dickinson, Bedford, MA, USA) was performed according
to the manufacturer’s recommendations. Basement mem-
brane matrix was diluted with RPMI 1640 and incubated in
dishes or wells at room temperature for one hour. Un-
bound materials were aspirated, and dishes or wells were
rinsed gently with RPMI 1640. Fibronectin (FN; Koken,
Tokyo, Japan) was diluted with PBS. Dishes and wells were
incubated with FN solution, 10 mg/ml (1 mg/cm2), overnight
at 37°C. They were then washed with PBS, and incubated
with heat-denatured bovine serum albumin (BSA), 10
mg/ml (Sigma, St. Louis, MO, USA), in PBS for five
minutes at room temperature. After being washed, they
were used for cell culture. Type I collagen (Col I) coated
dishes and plates were purchased from Becton Dickinson.
To obtain MC cultured under nonadherent conditions,
plastic dishes were coated with heat-denatured BSA, 10
mg/ml, in PBS for five minutes, followed by 5 ml (per 10 cm
dish) of melted 2% agarose (Funakoshi, Tokyo, Japan) in
PBS [15].
Attachment of mesangial cells to extracellular matrix-
coated surfaces
Mesangial cells were seeded into 100 mm dishes (Costar)
at a density of 5 3 105 cells with RPMI 1640 containing
10% FBS, and were cultured for 24 hours. Then adherent
MC were detached with trypsin. The percentage of MC
attachment to ECM was calculated as (adherent cell num-
ber/adherent cells 1 non-adherent cells) 3 100.
Induction of apoptosis
Serum (including growth factors) deprivation to induce
apoptosis in MC was achieved by gentle washing (3 3) and
incubation of adherent MC in RPMI 1640 without FBS
[26]. In each experiment, some wells were returned to full
medium (RPMI 1640 plus 10% FBS) as a control. Cells
were then incubated at 37°C for periods up to 72 hours. A
separate plate was used at each time point to ensure that
cell incubation was not interrupted.
Nuclear morphology and cell viability
Nuclear morphology was examined by fluorescent micro-
scope (Olympus, Tokyo, Japan), as described previously
[31]. MC cultured on chamber slides were fixed with 2%
glutaraldehyde for one hour and stained with Hoechst dye
No.33258, 8 mg/ml (Sigma), to visualize localization of
DNA. Apoptotic cells were recognized by cell shrinkage
with nuclear chromatin condensation, and occasionally,
budding into apoptotic bodies. The percentage of apoptosis
was calculated as (apoptotic cells/total cell number) 3 100.
Three randomly selected fields in each well were counted,
and three wells were examined at every time point.
Cell viability was assessed by MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrasolium bromide] assay, accord-
ing to the method of Mosmann [33]. The MTT assay is a
quantitative colorimetric assay for cell survival and prolif-
eration, based on the ability of living cells to cleave the
tetrasolium ring in active mitochondria. After serum depri-
vation for an appropriate time, MTT solution (5 mg/ml;
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Chemicon, Temecula, CA, USA) was added to the wells
(10 ml/well). The plates were then incubated at 37°C for
four hours. Acid-isopropanol (0.04 N HCl in isopropanol,
100 ml/well) was added and mixed thoroughly. Absorbance
of each sample was measured by a microplate reader at a
test wavelength at 590 nm.
The amount of lactate dehydrogenase (LDH) activity
released into the medium was measured to assess the
leakage of normal components of the cytoplasm into the
medium [31, 34]. The LDH activity released into the
culture medium has been correlated with cell death over a
period of time in culture. For LDH assay, 50 ml of
supernatant were transferred to the corresponding wells of
a 96-well plate after serum deprivation for an appropriate
time. Then, 50 ml of substrate and a mixture containing
nitrozolium blue, NAD, diaphorase, DL-lithium lactate,
and Tris buffer (Kyokuto Pharmaceutical Industries Co.,
Tokyo, Japan) were added to each well. After 30 minutes of
incubation at 37°C, 100 ml of 1 M HCl was added to each
well to stop the enzyme reaction. Absorbance of each
sample was then measured by a microplate reader at 590
nm.
DNA electrophoresis
The oligonucleosomal fragmentation of DNA associated
with apoptosis was evaluated by DNA electrophoresis as
previously described [31, 35, 36]. After being deprived of
serum for an appropriate time, MC were detached with
trypsin in PBS and centrifuged together with the cells
present in the culture medium. Cells were lysed in a
solution that contained 10 mM Tris-HCl (pH 8.0), 0.1 M
EDTA, 0.5% SDS, and ribonuclease (20 mg/ml, deoxyribo-
nuclease free) for one hour at 37°C, then incubated with
proteinase K (2 mg/ml) (Boehringer Mannheim/Yamanou-
chi, Tokyo, Japan) for one hour at 50°C. The lysates were
extracted twice with 1:1 (vol/vol) phenol and precipitated
with 0.2 M ammonium acetate and 2 vol of ethanol. Nucleic
acid from each lysate was resuspended in 10 mM Tris-HCl
(pH 8.0) and 1 mM EDTA, and its concentration was
determined by absorbance at 260 nm. The same amount of
nucleic acid from each sample (30 mg) was electrophoresed
on a 1.8% agarose gel and stained with ethidium bromide.
Synthesis of oligonucleotides
We used phosphorothioate-modified oligonucleotides
(ODN) to protect ODN from degradation by nucleases.
Unmodified ODN are unstable because they are suscepti-
ble to enzymatic hydrolysis by nucleases in the cell itself, or
in the medium [37]. Phosphorothioate-derived ODN were
synthesized by use of an automated DNA synthesizer
(Model 380B; Applied Biosystems Inc., Foster City, CA,
USA). The stability of ODN was examined as previously
described [32]. ODN were purified by column chromatog-
raphy, lyophilized, and dissolved in culture media. Concen-
trations of each ODN were determined spectrophotometri-
cally. The sequence of sense b1-integrin ODN comprised
nucleotides 1635 to 1652 of the mRNA for the human
b1-integrin [38]. Antisense ODN for b1-integrin comprised
the complementary sequence for these nucleotides [39].
The following sequences were used: antisense b1 59-TG-
CAGTAAGCATCCATGT-39, sense b1 59-ACATGGAT-
GCTTACTGCA-39.
Antisense experiments
The cell-matrix interactions are mediated by integrin
molecules [7–10, 17]. We used antisense strategy targeting
integrin molecules to disrupt the MC-matrix interactions
[12, 32, 38–43]. Liposome was used to facilitate the trans-
fection of ODN into MC [32, 43]. MC were seeded onto
fibronectin-coated tissue culture dishes at a density of 5 3
104 cells/ml with a medium containing 10% FBS and were
precultured for three days. The plates were then washed
twice and incubated with a medium containing ODN and
liposomes. ODN dissolved in RPMI 1640 medium were
mixed with Lipofectin Reagent (Gibco, Gaithersburg, MD,
USA) [44] and incubated for 20 minutes at room temper-
ature. The ratio of liposome to ODN was 1 mg:1 nmol. The
ODN/liposome complexes were added dropwise to each
well. After incubation for 24 hours, MC were examined for
morphology, viability, release of LDH, and Western blot
analysis.
Western blot analysis
Western blotting was performed to analyze expression of
b1 protein. After treatment with ODN, MC were detached
by trypsin and lysed in RIPA buffer (50 mM Tris-Cl (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 200 mM dithiothreitol) [18] for 30
minutes on ice. After a 20-minute centrifugation at 16000
3g, protein concentrations of the supernatants were mea-
sured with a protein assay kit (Bio-Rad, Hercules, CA,
USA). Lysates containing equal amounts of proteins were
electrophoresed on a 10% SDS polyacrylamide gel under
reducing and nonreducing conditions and transferred to a
nitrocellulose membrane (Hybond-ECL, Amersham, Little
Chalfont, Buckinghamshire, UK) by use of the BioRad
mini transblot system. Blots were blocked with blocking
reagent and then incubated with anti-b1-integrin antibody
(Becton Dickinson), followed by chemiluminescence detec-
tion (ECL; Amersham) with horseradish peroxidase-conju-
gated secondary antibody.
Statistical analysis
Results expressed as means 6 SEM. Differences were
evaluated by a nonparametric test (Mann-Whitney U-test).
A level of P , 0.05 was considered statistically significant.
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RESULTS
Different capacities of various extracellular matrix
components to protect against apoptosis in mesangial
cells
To determine whether the ECM may regulate survival
and death, we compared the effect of serum deprivation on
MC that were plated on plastic, type I collagen, fibronectin
or basement membrane matrix. Serum deprivation can
induce apoptosis in mesangial cells [26, 31]. The DNA
extracted from MC that had been cultured on plastic
dishes, type I collagen or fibronectin, and deprived of
serum for up to eight hours showed an internucleosomal
ladder pattern on gel electrophoresis, the biochemical
characteristic of apoptosis (Fig. 1, lanes 1 to 3). The release
of LDH into the medium increased at 24 hours after serum
depletion and the viability of cells significantly decreased
under such conditions (Fig. 2 A, B). In contrast, the
basement membrane matrix did not induce intranucleoso-
mal cleavage of DNA in MC for up to eight hours after
serum deprivation (Fig. 1, lane 4) or significantly increase
the release of LDH from the cells (Fig. 2A). Cells on the
basement membrane matrix showed increased survival for
up to 24 hours after serum deprivation (Fig. 2B). The major
components of basement membrane matrix are laminin,
type IV collagen, heparan sulfate proteoglycan and entac-
tin with which MC normally are in contact. We used growth
factor-reduced basement membrane matrix to eliminate
the possibility that the suppression of apoptosis was due to
the presence of residual growth factors in the matrix.
In order to assess apoptosis, nuclear DNA staining was
employed in parallel with LDH release (Fig. 2C). The
fluorescence microscopic assay demonstrated an increased
rate of apoptosis in MC that had been cultured on plastic,
type I collagen, or fibronectin at eight hours after serum
deprivation. At the same time, for the LDH release there
was no significant difference among ECM components
(Fig. 2C). The discrepancy may come from the latency of
enzyme leakage, because apoptotic cells maintain the in-
tegrity of their plasma membranes. If apoptotic bodies are
left for a while in vitro, “secondary necrosis” would occur
because of the absence of phagocytic cells [45].
Inhibition of attachment results in apoptotic cell death
in mesangial cells
Mesangial cells were plated on tissue culture plastic
dishes that had been coated with BSA followed by melted
agarose or tissue culture plastic. Agarose completely pre-
vented the cells from attaching to the dishes. MC were
lysed after 24 hours, and cellular DNA was isolated and
subjected to gel electrophoresis on a 1.8% agarose gel.
DNA isolated from the nonadherent MC in growth me-
dium (10% FBS in RPMI 1640) and in serum-free medium
(RPMI 1640 alone) demonstrated a ladder of 200-bp
multiple DNA fragments (Fig. 3, lanes 1 and 2). This ladder
has been shown to reflect internucleosomal DNA degrada-
tion, and is currently an accepted hallmark of apoptosis. In
contrast, the DNA extracted from attached MC on plastic
dishes did not show any such laddering (Fig. 3, lanes 3 and
4). This observation (Fig. 3) led us to speculate that the
different capacities of ECM components to protect against
apoptosis (Figs. 1 and 2) were due to differences in the
degree of attachment to these substrata. We examined the
degree of MC attachment to ECM after 24 hours in the
presence of serum. Basement membrane matrix supported
more MC adhesion than plastic, type I collagen, or fi-
bronectin (Table 1).
Effect of antisense oligonucleotides for b1-integrin on
mesangial cell survival
To determine whether matrix-derived signals may sup-
press apoptosis, we disrupted the cell-matrix interactions by
adding antisense ODN against b1-integrin mRNA. We first
evaluated the expression of b1-integrin protein in MC
plated on fibronectin after treatment with ODN. b1-inte-
grin protein was detectable in MC cultured on fibronectin,
as assessed by Western blot analysis after SDS-PAGE
under nonreducing conditions (Fig. 4, lane 3). MC treated
with b1-integrin sense ODN revealed a band (120 kD)
similar to that observed in untreated cells (Fig. 4, lane 1).
However, antisense ODN-treated MC demonstrated only a
faint band (Fig. 4, lane 2). Under reducing conditions, two
bands were observed in control cells (data not shown). We
Fig. 1. Differential effect of extracellular matrix (ECM) on DNA frag-
mentation after serum deprivation. Electrophoretic analysis of DNA
extracted from mesangial cells (MC). MC cultured on various ECM
components were depleted of serum to induce apoptosis. After depletion
of serum for eight hours on type I collagen (lane 1), plastic dishes (lane 2),
or fibronectin (lane 3), MC displayed nucleosomal DNA laddering. In
contrast, the MC plated on the basement membrane matrix (lane 4) did
not display such features for up to eight hours. M is the molecular size
marker (fX174-HaeIII digest).
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next examined nuclear morphology after treatment with
ODN. Antisense-treated MC showed condensation of the
chromatin and fragmentation of the nucleus by Hoechst
dye staining (Fig. 5B). In contrast, MC in growth medium
exhibited a normal nuclear morphology (Fig. 5A). The
effect of antisense ODN on MC viability was evaluated by
MTT assay. Cell viability decreased after treatment with
antisense ODN in a dose-dependent manner (Fig. 6A). The
release of LDH into the medium significantly increased
after treatment with antisense ODN (Fig. 6B). However,
the treatment with sense ODN had no significant effects on
cell viability or LDH release (Fig. 6).
DISCUSSION
Mesangial ECM not only provides structural support of
the glomerular capillary tuft, but also plays a more active
role by affecting adhesion, migration, proliferation and
differentiation of MC [4, 13, 14]. Recent studies have
suggested that ECM can influence survival and apoptosis of
several types of cells [15–21]. The present study showed
that basement membrane matrix prevented MC from un-
dergoing apoptosis and promoted the survival of MC after
serum deprivation, as compared with type I collagen or
fibronectin matrix. The inhibition of matrix-derived signals
by antisense ODN for b1-integrin increased apoptosis in
MC after serum deprivation. Thus, mesangial cell survival
and death may be regulated by ECM via b1-integrin
molecules of cell surface receptors.
Numerous glomerular disorders are associated with an
expansion of the mesangial ECM, which may eventually
result in glomerular scarring [1, 3, 4]. Current studies
demonstrate that apoptosis of the MC is important in
glomerular diseases [26–28, 31]. We recently reported that
apoptosis is associated with the deletion of glomerular cells
and the accumulation of ECM in the progression of
glomerulosclerosis in the remnant kidney model induced by
5/6 nephrectomy [28]. After the initial low-grade prolifer-
ation of the MC, a progressive development of glomerulo-
sclerosis was noted in this model. Floege et al reported that
the increased ECM components included type IV collagen,
laminin, fibronectin, and heparan sulfate proteoglycan,
which are normally within the mesangium [46]. Another
important finding was the de novo expression of type I
collagen mRNA and protein, which are not normally
expressed in the glomerulus [46]. They observed focal
increases in mesangial staining for type I collagen at Week
4 and the expanded glomerular stains at Week 10. We
observed a significant increase in the number of glomerular
cells undergoing apoptosis at Week 8 in the same model
[28]. These findings suggest that apoptosis of MC may be
controlled by their surrounding matrix in progressive glo-
merulosclerosis in vivo.
Fig. 2. Differential effect of extracellular
matrix (ECM) on susceptibility to apoptotic
stimuli in mesangial cells (MC). (A) Time
course of lactate dehydrogenase (LDH) activity.
After the induction of apoptosis, we measured
the release of LDH from MC into the culture
medium. LDH release at 24 hours after serum
depletion was suppressed by culture on
basement membrane matrix (BM; E), in
contrast to culture on fibronectin (FN; f),
plastic dish (PL; M) or type 1 collagen (Col I;
F). Triplicate wells in each experiment (N 5
5). (B) Cell viability evaluated by MTT assay.
BM supported the survival of MC 24 hours
after serum deprivation, as compared with FN,
PL or Col I. This assay detects only living cells,
because the tetrasolium ring is cleaved only in
active mitochondria. Triplicate wells in each
experiment (N 5 4). (C) Time course of
apoptosis detected by nuclear DNA staining.
The rate of apoptosis already increased at eight
hours after serum deprivation. Triplicate wells
in each experiment (N 5 5). *P , 0.01 versus
BM.
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It has also been reported that mesangial apoptosis is the
major mechanism of cell clearance, and mediates the
resolution of glomerular hypercellularity in Thy1.1 glomer-
ulonephritis [26, 27]. As with the remnant kidney model,
the increase in the mesangial matrix is due in part to the
ECM components that are normally present within the
mesangium, as well as to the de novo expression of inter-
stitial type I collagen [47]. The levels of type I collagen
mRNA and protein peaked on Day 5 and decreased
thereafter. The peak in mesangial cell apoptosis was re-
portedly seen on Day 5 in the same model [26]. These data
further support an association between mesangial apopto-
sis and changes in the components of the ECM.
Cell-matrix interactions are mediated by the adhesion
molecules [7]. The integrins are a major family of cell
surface receptors that mediate attachment to the ECM
[8–10]. They are heterodimeric transmembrane glycopro-
teins that consist of various combinations of noncovalently
bound a- and b-chains. Sixteen a- and 8 b-chains have been
described to date [48]. The a-subunit largely determines
substrate specificity with the ECM proteins [49], while the
intracytoplasmic tail of the b-chain is mainly responsible
for its interaction with the cell cytoskeleton [50]. The
b1-subunit contains sites of tyrosine phosphorylation in the
cytoplasmic domain, suggesting they have a potential role
in signal transduction [7, 10]. We studied the signal for the
prevention of apoptosis by blocking of b1-integrin. The
normal mesangium possesses a1b1, a2b1, a3b1, a5b1, a8b1,
and avb3 integrins [14, 51, 52]. Changes in integrin expres-
sion in glomerular disease have been reported [53]. The
expression of b1-integrin decreases within areas of glomer-
ular scarring [54]. At present, it remains unclear which of
b1-containing integrins promote mesangial cell survival.
Distinct b1-integrins can mediate cell survival in mammary
epithelial cells and chinese hamster ovary cells, whereas
avb3 integrin can mediate the survival of vascular endothe-
lial cells and melanoma cell survival in three-dimensional
collagen [18–20, 55, 56]. The integrin required for cell
survival and integrin-dependent survival signals may be cell
type specific.
In this study, we used antisense strategy to inhibit
b1-integrin expression by utilizing an oligonucleotide com-
plementary to the mRNA [12, 32, 38–43]. According to
previous reports, antisense ODN targeted to sequences
including the translation initiation site generally produce
the most successful results [57]. An ODN for 15 nucleotides
should bind specifically to a given mRNA, and a 15- to
30-mer ODN can be efficiently transferred into a cell [40].
We designed 18-mer antisense ODN targeted to the
mRNA. Unmodified ODN are essentially unstable because
they are susceptible to enzymatic hydrolysis by nucleases
existing in the cell itself, or in the medium [37]. In our
investigation, we used phosphorothioate-modified ODN to
protect ODN from degradation by nucleases. We con-
firmed the stability of the antisense ODN for up to eight
days in culture [32, 43]. We used liposomes to enhance the
efficiency of uptake of ODN into the cell and obtain the
Fig. 3. Apoptotic cell death in mesangial cells (MC) resulted from
inhibition of attachment to substrate. Electrophoretic analysis of DNA
extracted from MC. MC were plated on plastic tissue culture dishes that
had been coated with agarose or tissue culture plastic. Agarose was used
to prevent cell attachment because of its nonionic nature. MC that were
prevented from attaching to the substrate for 24 hours displayed nucleo-
somal DNA laddering in growth medium (lane 1) and in serum-free
medium (lane 2). In contrast, MC cultured on plastic tissue culture dishes
for 24 hours (attached to substrate) in growth medium did not show
intranucleosomal DNA fragmentation (lanes 3 and 4). M is the molecular
size marker (fX174-HaeIII digest).
Fig. 4. Effect of antisense oligonucleotide (ODN) for b1-integrin on
protein expression. Western blot analysis of b1-integrin protein expression
in MC cultured on fibronectin. Cell lysate from MC transfected with sense
(lane 1) or antisense ODN (lane 2), or without ODN (lane 3) was
subjected to SDS polyacrylamide gel electrophoresis under nonreducing
conditions. The arrow indicates the position of the 120-kD protein band.
The expression of b1-integrin protein was inhibited by treatment with
antisense ODN (lane 2). Similar results were obtained in three separate
experiments.
Table 1. Degree of mesangial cell (MC) attachment to extracellular
matrix (ECM)
Surface coat Attachment (%)
Tissue culture plastic 72.3 6 2.9a
Type I collagen 70.8 6 3.0a
Fibronectin 75.1 6 2.1a
Basement membrane matrix 86.7 6 2.8
Values are mean 6 SEM of four experiments.
a P , 0.05 vs. Basement membrane matrix
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maximal effect. It is known that the liposome itself dem-
onstrates cytotoxicity, but there was no liposome cytotox-
icity at the concentration used in this study (1 mg of
liposome:1 nmol of ODN) [32, 43]. Furthermore, we
observed the uptake of FITC-labeled ODN in MC for as
long as six days after transfection [32, 43]. Having con-
firmed the efficiency of transfection with our protocol, we
evaluated the inhibitory effect of antisense ODN targeted
to b1-integrin on survival of MC.
In most tissues, cell survival depends on a constant
supply of “survival signals” provided by the neighboring
cells and the ECM [15–21, 58, 59]. Many types of cultured
cells undergo apoptosis in the absence of specific survival
factors. Almost all cells may be programmed to commit
suicide if they do not receive survival signals from the
environment. It has been suggested that MC will undergo
apoptosis unless they receive a sufficient supply of survival
factors [26], including some cytokines and growth factors
[60]. Our data indicate that ECM is one of the important
regulators of the survival of the MC. The capacities of
ECM to protect against apoptosis may be due to differ-
ences in the degree of attachment to the matrix (Table 1).
Growth factor-reduced basement membrane matrix has
much reduced level of a variety of growth factors such as
insulin-like growth factor-I, a candidate survival factor for
MC [60]. It might contain a certain amount of matrix-
bound cytokines and might be responsible for the survival
effect. It is suggested that not only basement membrane
matrix, but also each matrix molecule (laminin and type IV
collagen) can promote the survival of MC [61].
To conclude, the present study demonstrated that the
basement membrane matrix prevented the MC from un-
dergoing apoptosis, thus promoting their survival. The
inhibition of matrix-derived signals by b1-integrin increased
apoptosis in MC. Our data thus suggest that the survival
and death of the MC are regulated by the surrounding
ECM. The mechanism of mesangial cell survival and death
requires further in vivo study to gain new insight into the
treatment of glomerular diseases as well as the pathophys-
iology of the mesangium.
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Fig. 5. Morphology of mesangial cells (MC) after treatment with anti-
sense oligonucleotides (ODN) for b1-integrin. MC were incubated for 24
hours in medium containing ODN and liposomes or medium alone.
Nuclear morphology with Hoechst dye staining was then determined by
fluorescence microscopy. Shrunken nuclei with condensed chromatin were
observed after treatment with antisense ODN (B), in contrast to ODN-
untreated control (A). Original magnification, 3400.
Fig. 6. Effect of antisense oligonucleotides (ODN) for b1-integrin on
mesangial cell (MC) survival after serum deprivation. MC were incubated
for 24 hours in medium containing sense or antisense ODN and lipo-
somes, or medium alone. Cell viability was then examined by MTT assay
(A) or release of LDH (B). (A) Cell viability evaluated by MTT assay.
Survival of MC was significantly decreased after antisense treatment, as
compared with ODN-untreated or sense treatment. Triplicate wells in
each experiment (N 5 4). (B) LDH activity in culture medium. LDH
release was significantly increased after antisense treatment, as compared
with ODN-untreated or sense treatment. Triplicate wells in each experi-
ment (N 5 4). *P , 0.01 versus ODN-untreated or sense treatment.
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APPENDIX
Abbreviations used in this article are: BSA, bovine serum albumin; Col
I, type 1 collagen; ECL, enhanced chemiluminescence; ECM, extracellular
matrix; FBS, fetal bovine serum; FN, fibronectin; LDH, lactate dehydro-
genase; MC, mesangial cells; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrasolium bromide; ODN, oligonucleotides; PBS, phosphate buff-
ered saline.
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